We introduced various elements of the polyomavirus origin of DNA replication into the genome of rat cells, and we analyzed their capacity to elicit rearrangements within the integrated sequences when exposed to large T antigen. The cis-acting sequences required for homologous recombination were those that make up a functional replication origin.
Polyomavirus and simian virus 40 (SV40) have served as useful models to study the mechanisms of DNA replication and transcription in mammalian cells. The viral protein required for DNA replication is a multifunctional phosphoprotein known as T antigen (T-ag). Both SV40 and polyomavirus T-ags have DNA binding, ATPase, and helicase activities (for a review, see reference 7). They can activate each other's late promoters independently of DNA replication but only in cells permissive for DNA replication (20) . Thus, in papovaviruses, the partial overlap of the viral origins and promoters enables transcription factors to participate in replication as well as replication components to participate in transcription activation mechanisms effected by T-ags.
Papovaviruses are also useful models for the study of recombination. Cells transformed by these viruses can undergo high rates of amplification and excision of the integrated viral genome (4, 17, 25) . Both phenomena require a functional large T-ag, the viral replication origin, and some homology within the integrated sequences (4, 6, 17) . The mechanism by which large T-ag promotes homologous recombination is still obscure. One particularly attractive model invokes local polytenization at the integrated viral origin to generate an intermediate structure resembling an onion skin (4) . Other studies have proposed that large T-ag promotes successive duplications of a discrete sequence within the insert by a mechanism of slippedstrand mispairing (27, 31) . In addition, while some replicationdefective mutants are defective in recombination, others can promote a variety of recombination events, such as gene conversion, amplification, chromosomal inversion, and unequal sister chromatid exchange (28) (29) (30) .
Homologous recombination promoted by large T-ag occurs at high rates and does not require recombination hot spots other than the replication origin in the viral genome (12) . To further address the role of large T-ag, we attempted to identify the sequences in the polyomavirus replication origin that are required for T-ag-mediated homologous recombination. As the recombination substrate, we used a provirus derived from spleen necrosis virus (SNV), stably integrated into the chromosomal DNA of rat embryo fibroblasts (FR3T3). The retrovirus vector, pOri-hygro ( Fig. 1) , contained the hygromycinresistance gene (hygro) as the selectable marker and the polyomavirus replication origin. Colonies of hygromycin-resistant cells were isolated and established into cell lines, and their DNA was analyzed by Southern blot hybridization. This system had the advantage of generating a large number of cell lines for each mutant origin, the only difference among the cell lines being the integration site in the cellular genome. Once the cell lines were established, they were transfected with the large T-ag gene and neo and the resulting G418-resistant colonies were examined for recombination with hygro as a probe. Previously, we reported that expression of the polyomavirus large T-ag in cell lines carrying the entire origin region led to rearrangements of the integrated sequences. Recombination products were analyzed in a number of large T-ag clones and were described elsewhere (12) . Large BglII fragments (e.g., see Fig.  3 ) were the result of amplification, due to one or several duplications of the sequence lying between the retroviral long terminal repeats (LTRs). Small fragments at the bottom of autoradiograms were excision products because of crossovers in the LTRs. These products retained the replication origin and could therefore replicate in the presence of T-ag. Although most events involved homologous recombination in the LTRs, some products were the result of intrachromosomal recombination in the repetitive DNA lying in the vicinity of the integrated viral origin. In the experiments reported below, any change detected by Southern blotting was scored as a rearrangement in the origin locus, regardless of the mechanism or sequences implicated. Activities of mutant origins were assayed on a minimum of two cell lines per mutant.
cis-acting sequences required for T-ag-mediated recombination. As a first step, we established two cell lines with mutant ⌬ori (Fig. 1) , the vector lacking the entire replication origin. From a total of 47 G418-resistant colonies obtained by transfecting neo and large T-ag in ⌬ori.2, only 1 underwent a rearrangement of the insert (Table 1) . Next, we investigated the effect of various deletions in the origin region. The polyomavirus origin comprises a core component and two auxiliary components. The origin core (ori-core) is composed of three regions, including an AT-rich region, a central GC-rich palindrome, designated hairpin, and an imperfect repeat at its early border. Mutations in each of these elements impair the capacity of the ori-core to function (13, 32) . We constructed the ⌬h mutant to delete the hairpin, including the two repeats of the large T-ag binding site on each DNA strand (Fig. 1) . As expected, the mutant DNA was unable to replicate in rat cells and was unaffected in its early gene expression (Table 1 ). In the recombination assay, only one pool of large T-ag transfectants exhibited a change in the insert (Fig. 2B ). As for cell line ⌬ori.2, it is not clear whether large T-ag had any role in this event. Although no recombination was observed by transfecting neo into cell lines containing the wild-type origin (data not shown), it is possible that some cell lines undergo spontaneous rearrangements at a low frequency. If so, the frequency is of the order of 1/50. ⌬c, another deletion that impairs viral DNA replication (2), also inactivated the capacity of the proviral locus to undergo rearrangements (data not shown).
Ori-core is flanked by two auxiliary components, aux-1 and aux-2, that function synergistically to facilitate its activity (8, 10) . aux-1, which lies adjacent to the imperfect repeat, contains T-ag binding sites A and B (34) . In mutant ⌬TATA (Fig. 1) , the deletion included the T-ag binding sites, the TATA box, and the two major cap sites for early transcription. In spite of this, neither the replication capacity nor the efficiency of the early promoter was substantially affected (Table 1 ). In the recombination assay, the cell lines carrying the mutant origin underwent recombination with wild-type efficiency (Table 1) .
aux-2 consists of functionally redundant enhancer elements that stimulate polyomavirus replication from 200-to 1,000-fold (19, 33) . This component is contained within a 241-bp DNA fragment, defined by BclI and PvuII restriction sites, that can be divided into two subelements designated ␣ and ␤. The ␣ element binds three different proteins, one of which, PEA1 (polyoma enhancer activation protein 1), is identical to AP1 (14, 19, 21) . The ␤ element is structurally complex and contains an inverted repeat and sequences important for the function of the SV40 72-bp repeat and bovine papillomavirus (BPV) enhancers (26) . Enhancer activity can be provided by either the ␣ or ␤ subelements, depending on the cell type, or by synthetic oligonucleotides designed to bind specific transcription factors (36) . The deletion of either the ␣ or ␤ subelement from the origin region did not affect much the replication capacity of our test plasmid or the ability of the early promoter to express the adjacent hygro gene (Table 1) . Similarly, all ⌬␣ and ⌬␤ cell lines underwent recombination when transfected with large T-ag (Fig. 3) . The cell lines with an origin lacking both ␣ and ␤ subelements [⌬(␣ϩ␤)] exhibited rearrangements in only 2 of 18 pools (Fig. 2C and D) . Considering that these pools correspond to 54 independent large T-ag transfectants, the recombination frequency was barely higher than that in cell lines lacking the whole origin region (⌬ori). We interpret this result as indicating that polyomavirus ori-core does not function in recombination unless it is linked with one of its enhancer elements.
NF-B binding sites can substitute for aux-2. To determine the role of the polyomavirus enhancer, we attempted to restore recombination activity by providing the ⌬(␣ϩ␤) construct with synthetic oligonucleotides known to bind specific transcription factors. The NF-B sites were chosen because of previous studies showing that the Rel/B family of transcription factors induce the B site-dependent polyomavirus DNA replication (11) . Thus, we constructed an SNV-derived vector (pB4) bearing two copies of an oligonucleotide with two NF-B motifs at the late border of ori-core (Fig. 4C) . In addition to the four B binding sites, the insert contained an Sp1 binding site. Three cell lines carrying a single proviral insert (B.1, B.2, and B.3) were established and transfected with polyomavirus large T-ag with and without various Rel/B expression vectors. Surprisingly, the three cell lines sustained rearrangements of the inserts even in the absence of any Rel protein (Fig. 5) . In a replication assay, the pB4 construct replicated about six times better than did ⌬(␣ϩ␤) (Fig. 4A ). This suggests that rat cells contain factors capable of stimulating replication when B binding sites are juxtaposed with the late border of the polyomavirus ori-core. Replication assays were also carried out with reporter plasmids lacking the Sp1 binding site. pB2, containing two B binding sites at the late border of ori-core, replicated three times better than did ⌬(␣ϩ␤) (Fig. 4A ). pB2m, with two point mutations in the motif, did not replicate significantly better than the ⌬(␣ϩ␤) control (Fig. 4A) . This shows that the activation of DNA replication did not require the presence of an Sp1 binding site and that an additive effect was obtained by increasing the number of B binding sites.
Several studies reported that both the polyomavirus and the c The cell lines were transfected with pneo-LT1, a plasmid encoding neo and T-ag (31). G418-resistant colonies were picked, transferred into 15-mm Linbro microplates, and then grown in 100-mm petri dishes. DNA was extracted between 25 and 30 cell generations.
d DNA analysis was carried out on pools of three clones. (11). Thus, the Rel/B proteins differ from other transcription factors that enhance polyomavirus and SV40 DNA replication. There are, moreover, other differences between the requirements for transcription activation and DNA replication activation. First, some mutations in the polyomavirus enhancer region can eliminate promoter activity without eliminating ori activity (23) . Second, DNA replication can be activated with enhancers weaker than those required for transcription (15, 16) and with fewer copies of the same transcription factor binding site (19, 33) . Third, whereas enhancers can lie distal to either end of the promoter, they must be closely positioned near the late border of ori-core to activate DNA replication (5, 9, 10, 22) . Interestingly, the ⌬(␣ϩ␤) provirus was inactive in recombination despite the fact that it contained parts of the SNV U5 region and primer binding sites adjacent to the 5Ј LTR (nucleotides [nt] 534 to 861) (24) . It is possible that the SNV sequences lay too far away from ori-core to enhance recombination and replication. To verify this possibility, we tested the replication capacity of plasmid p⌬(␣ϩ␤)s (Fig. 4C) , which contained the SNV elements present in the ⌬(␣ϩ␤) provirus. However, this plasmid did not replicate better than p⌬(␣ϩ␤) (Fig. 4B) . This indicated that the SNV-derived sequences did not affect replication, presumably because of their separation from ori-core. The closest transcription factor binding sites (AP-3 and Sp1) lie 87 and 149 nt, respectively, away from the late border of ori-core (Fig. 4C) . By comparison, the polyomavirus ␤ element contains two BPV motifs only 20 and 41 nt, respectively, from ori-core (26) , and the NF-B construct contains four NF-B sites and an Sp1 site clustered between 31 and 88 nt from ori-core (Fig. 4C) . Apart from the spacing requirement, it is also possible that only transcription factors whose specific activation domains can interact with the T-ag initiation complex can stimulate ori-core activity (8) .
Mechanism of activation. Similar requirements of cis-acting sequences underline a common mechanism of activation of both replication and recombination. The binding of transcriptional activators near ori could activate both phenomena by effecting changes in the structure of ori that facilitate the action of T-ag with either the replication or recombination machinery. Activators could unwind DNA near the origin or prevent interference from the chromatin structure that would otherwise antagonize the interactions of T-ag and other factors with ori-core. Another means by which transcription factors could enhance recombination is by interacting directly or indirectly with T-ag, thereby stabilizing its binding to ori-core. Although it is known that Ap-2 binds directly to SV40 T-ag (18) , there is no other example of a transcriptional activator able to associate with T-ag or with any factor required for DNA replication. With SV40, it has been suggested that auxiliary sequences promote the initiation of replication following T-ag binding to ori-core during the unwinding of the DNA (8). Large T-ag unwinds and untwists, through its helicase activity, sequences adjacent to its recognition sites and binds to the DNA polymerase ␣-primase complex (7). Presumably, this recruits the polymerase to its site of action. It is not known whether polyomavirus T-ag has to bind to the polymerase ␣-primase or to other enzymes involved in repair synthesis to promote homologous recombination or if melting of the DNA in the origin region is sufficient. Other studies have ruled out overreplication followed by the resolution of an onionskin structure as the recombination pathway (27) . Large T-ag promotes recombination independently of its replicative function, and its origin-specific DNA binding activity is not sufficient (28, 30) . We propose that the role of large T-ag in homologous recombination is to destabilize the double-stranded DNA at the viral origin so as to create a favorable substrate for recombination. This explains the identical requirements for origin sequences in both replication and recombination, while taking into account that some of the large T-ag functions required for replication are dispensable in recombination. The reporter plasmid (pCAT) was a pUC derivative. The CAT gene was used as a probe. The low-molecular-weight DNA was extracted after 72 h, and the state of methylation of pPLCAT was measured as an indirect assay of replication by digestion with both DpnI and BclI, after which Southern blot hybridization was performed. The replicated DpnI-resistant DNA appeared as a single band, because pPLCAT contained a single BclI site. The numbers refer to the radioactivity detected in the replicated DNA as a percentage of the wild-type control. (C) Detail of enhancer elements adjacent to the late border of ori-core. wt, structure of the wild-type origin. The ␣ and ␤ enhancers contain PEA3, PEA1, and PEA2 motifs (PEA), an inverted repeat, and sequences important for the function of the SV40 72-bp repeat (SV) and BPV enhancers (BPV). The deletion in ⌬(␣ϩ␤) removes the ␣ and ␤ enhancer region up to the PvuII site at nt 5265. ⌬(␣ϩ␤)s contains part of the SNV U5 region and the primer binding sites adjacent to the 5Ј LTR (BamHI site at nt 534 to 861) (24) . In B4, the viral enhancer is replaced by an Sp1 binding site and two copies of an oligonucleotide with two NF-B motifs. B2 contains two B binding sites without any Sp1 binding site. This plasmid was derived from pPyBOICAT (11) . B2m has G to C substitutions at nt Ϫ102 and Ϫ88 of the human immunodeficiency virus type 1 LTR. This plasmid was derived from pPyBMOICAT (11) . VOL. 69, 1995 NOTES 7307
